Trypanosoma brucei is the causative agent of African sleeping sickness in humans and one of the causes of nagana in cattle. This protozoan parasite evades the host immune system by antigenic variation, a periodic switching of its variant surface glycoprotein (VSG) coat. VSG switching is spontaneous and occurs at a rate of about 10 22 -10 23 per population doubling in recent isolates from nature, but at a markedly reduced rate (10 25 -10 26 ) in laboratory-adapted strains 1-3 . VSG switching is thought to occur predominantly through gene conversion, a form of homologous recombination initiated by a DNA lesion that is used by other pathogens (for example, Candida albicans, Borrelia sp. and Neisseria gonorrhoeae) to generate surface protein diversity, and by B lymphocytes of the vertebrate immune system to generate antibody diversity. Very little is known about the molecular mechanism of VSG switching in T. brucei. Here we demonstrate that the introduction of a DNA double-stranded break (DSB) adjacent to the 70-base-pair (bp) repeats upstream of the transcribed VSG gene increases switching in vitro 250-fold, producing switched clones with a frequency and features similar to those generated early in an infection. We were also able to detect spontaneous DSBs within the 70-bp repeats upstream of the actively transcribed VSG gene, indicating that a DSB is a natural intermediate of VSG gene conversion and that VSG switching is the result of the resolution of this DSB by break-induced replication.
Trypanosoma brucei is the causative agent of African sleeping sickness in humans and one of the causes of nagana in cattle. This protozoan parasite evades the host immune system by antigenic variation, a periodic switching of its variant surface glycoprotein (VSG) coat. VSG switching is spontaneous and occurs at a rate of about 10 22 -10 23 per population doubling in recent isolates from nature, but at a markedly reduced rate (10 25 -10 26 ) in laboratory-adapted strains [1] [2] [3] . VSG switching is thought to occur predominantly through gene conversion, a form of homologous recombination initiated by a DNA lesion that is used by other pathogens (for example, Candida albicans, Borrelia sp. and Neisseria gonorrhoeae) to generate surface protein diversity, and by B lymphocytes of the vertebrate immune system to generate antibody diversity. Very little is known about the molecular mechanism of VSG switching in T. brucei. Here we demonstrate that the introduction of a DNA double-stranded break (DSB) adjacent to the 70-base-pair (bp) repeats upstream of the transcribed VSG gene increases switching in vitro 250-fold, producing switched clones with a frequency and features similar to those generated early in an infection. We were also able to detect spontaneous DSBs within the 70-bp repeats upstream of the actively transcribed VSG gene, indicating that a DSB is a natural intermediate of VSG gene conversion and that VSG switching is the result of the resolution of this DSB by break-induced replication.
The T. brucei genome contains .1,000 VSG genes and pseudogenes, yet the single transcribed VSG gene is invariably found in 1 of ,15 large (40-60 kb) telomeric expression sites [4] [5] [6] . VSG switching can be achieved by shifting transcription from one expression site to another (in situ switch) or by reciprocal translocations between two expression sites (telomere exchange), but most switching occurs by copying a new VSG gene into the actively transcribed expression site by duplicative gene conversion 2,7-12 . Antigenic switching by gene conversion has been proposed to be initiated by a DSB within or upstream of the actively transcribed VSG gene 9,10 , but physical evidence for a DSB has been lacking. To determine whether a DSB within the transcribed expression site is sufficient to precipitate an antigenic switch, we introduced the heterologous recognition sequence for the yeast mitochondrial endonuclease I-SceI adjacent to the 70-bp repeat region upstream of the VSG 221 locus (70.II cell line; Fig. 1a ). I-SceI has previously been used to introduce targeted DSBs in several organisms, including T. brucei [13] [14] [15] [16] . Regulation of the I-SceI enzyme was achieved through stable transfection under the control of an inducible promoter.
The activity of I-SceI was monitored by induction of the enzyme for 1.5 and 2.5 days and subsequent quantitative Southern blotting ( Fig. 1b ). As expected, an ,9 kb XhoI/XhoI fragment ( Fig. 1a ) was reduced to ,1.3 kb in response to I-SceI induction (Fig. 1b, lanes 2 and 3) , which corresponds to the size shift seen when genomic DNA was digested with XhoI and recombinant I-SceI (Fig. 1b, lane 1) . This smaller fragment was not seen when DNA from uninduced cells was digested with XhoI alone (Fig. 1b, lane 4) . By measuring the intensity of the bands, we estimated that the action of I-SceI leads to a DSB in ,1% of the cells.
To measure changes in switching frequency upon I-SceI induction accurately, we developed a magnetic-activated cell sorting (MACS) assay in conjunction with conventional flow cytometry. MACS was optimized to enrich for trypanosomes that had switched their VSG (see Methods). The induction of a DSB increased the switching frequency ,250-fold compared to cells without an I-SceI recognition sequence or in the absence of I-SceI induction (1.5 3 10 23 , 5.9 3 10 26 and 1.5 3 10 25 per population, respectively; Fig. 1c, d ). This far exceeds any switching frequency reported for laboratoryadapted strains, and is more representative of switching frequencies seen in the early stages of a natural infection. The results indicate that roughly half the cells in which a DSB was generated switched their VSG. The increased switching frequency was not observed when a DSB was induced in the VSG pseudogene upstream of the 70-bp repeat region (PS cell line; Fig. 1a , c), indicating that the location of the DSB adjacent to the 70-bp repeats is critical to the high frequency of switching seen here.
Repetitive sequences can provide homology for homologous recombination 17, 18 . In T. brucei, all expression-site-associated VSG genes (and probably most silent VSG genes) are found downstream of imperfect 70-bp repeats, which have been mapped to the upstream border of VSG gene switching events 10, 19 . Removal of the 70-bp repeats, however, did not decrease an already low rate of VSG switching 20 . To determine whether the 70-bp repeats are necessary for the high frequency of DSB-induced switching, we replaced them with an I-SceI recognition sequence (-70 cell line; Fig. 1a ). A DSB in the absence of the 70-bp repeats did not increase VSG switching ( Fig. 1c) , indicating that the 70-bp repeats do facilitate VSG switching.
The order in which VSG genes are expressed during the course of an infection has been described as 'semi-predictable' and is thought to be key to protracted illness 2,21 . Telomere-proximal VSG genes, such as those in silent expression sites or mini-chromosomes, are activated first, followed by those in sub-telomeric arrays 2, 21, 22 . To determine the chromosomal location of the donor VSG gene and to elucidate whether switching occurred by duplication, reciprocal telomere exchange or in situ switching, we cloned the progeny and identified the expressed VSG gene in 42 switched clones from several independent experiments, further characterizing 18 clones by rotating agarose gel electrophoresis (RAGE) and Southern blotting. As shown in Fig. 2 and Supplementary Table 1 , all of the switchers showed loss of VSG 221 and duplication of a new VSG gene into the transcribed locus that was previously occupied by VSG 221. In 15 out of 18 switchers (including 5 involving VSG 224) the donor VSG genes resided in other expression sites ( Fig. 2a and Supplementary Table 1 ), whereas in the other 3 the donor VSG genes resided on mini-chromosomes ( Fig. 2b and Supplementary Table 1 ). These results are similar to VSG switching during early stages of infections 2,21 .
Because homology is crucial for strand invasion during recombination 17 , we investigated how the I-SceI-generated DSB was processed after cleavage. We sequenced the repaired region from the five clones that switched to VSG 224. The data revealed that four 70-bp repeats (,500 bp) in the recipient VSG 221 expression site were eliminated, whereas the processed DSB invaded the first homologous region proximal to the donor VSG 224 expression site ( Fig. 3a Supplementary Fig. 1 ). No remnants of the I-SceI recognition sequence were detected. To distinguish whether antigenic switching was achieved by two crossover events (in the 70-bp repeats and within the 39 coding or untranslated region, UTR, of VSG 221) or by break-induced replication (BIR; resolution of a single DSB followed by replication through the telomere), we amplified the unique region between VSG 221 and its telomere by polymerase chain reaction (PCR). In the 70.II cell line (parental), an ,500 bp fragment was amplified ( Fig. 3b and Supplementary Fig. 2 ). In all switched clones, this VSG 221-specific sub-telomeric region was lost ( Fig. 3b and Supplementary Fig. 2 ) and presumably replaced by the sub-telomeric region from the incoming VSG gene. Although we cannot rule out a second crossover within the telomere tract, these results implicate BIR as the predominant mechanism for early VSG switching.
So far, our experiments demonstrate that an exogenous DNA break adjacent to the 70-bp repeats of the active expression site is a potent stimulator of VSG switching. To determine directly whether such breaks occur naturally in vivo, we performed ligation-mediated PCR on DNA derived from unmanipulated, wild-type trypanosomes. Ligation-mediated PCR consists of the ligation of a double-stranded DNA linker to high-quality genomic DNA followed by amplification of the region adjacent to the break using linker-specific and locusspecific primers, and detection of specific bands by Southern blotting and hybridization with locus-specific probes. Using this method we could readily detect DNA breaks distributed over the 70-bp repeat region (70-bp II) in the active VSG 221 expression site (Fig. 4a ). We also detected less frequent DNA breaks upstream of the pseudogene that were co-incident with a much smaller tract of 70-bp repeats (70bp I), both by size ( Fig. 4b ) and sequence (that is, the bands present in Fig. 4b were identical to those revealed when the Southern blot was probed with a 70-bp repeat probe; data not shown). We were unable to detect DNA breaks within the 70-bp repeats of a silent expression site ( Fig. 4c) or at a chromosome-internal locus (histone H3 variant, Fig. 4d ). Most breaks were staggered, and needed to be blunted by T4 polymerase for the double-stranded DNA linker to be ligated (Fig. 4a, left expression site of unmanipulated, wild-type trypanosomes. Alternatively, DSBs could occur throughout the expression site, but only persist long enough within the 70-bp repeats to allow detection. It is possible that DSBs occur more frequently in trypanosomes that have not been laboratory-adapted, which would be consistent with our previously proposed model in which active expression site telomere length and breakage modulate VSG switching 23, 24 .
Although the hypothesis that antigenic switching by gene conversion is initiated by a DSB is not new, it had not been experimentally investigated. It has been proposed that a DSB could be generated by an unidentified endogenous endonuclease or that transcription over highly repetitive sequences, such as the 70-bp repeats, could destabilize the active expression site locus and cause a DSB 10 . We favour the latter hypothesis, especially because the TAA:TTA motif that is present within the 70-bp repeats has an intrinsic propensity to destabilize the DNA helix 25 .
Our results indicate that a DSB is a natural trigger for VSG switching, that repair of the DSB is probably achieved through BIR, and that the mechanistic function of the 70-bp repeats is to facilitate BIR through homology recognition. These results provide insights into the molecular mechanisms of VSG switching and may be relevant to other pathogens that express genes essential for host immune evasion from telomeric loci, as well as to the telomeric immunoglobulin heavy chain locus that diversifies in B lymphocytes.
METHODS SUMMARY
For the MACS assay, I-SceI was induced with 0.1 mg ml 21 doxycycline (Sigma) for 3 days. Approximately 7.5 3 10 7 cells were collected by centrifugation and incubated with 175 ml rabbit anti-VSG 221 serum (1:100 in HMI-9; ref. 26) at 4 uC for 10 min while gently vortexing. Cells were washed with HMI-9 and incubated with 110 ml goat anti-rabbit microbeads (Miltenyi Biotech) as above. Cells were washed with HMI-9 and applied to a MidiMACS Separator Column (Miltenyi Biotech) that had been primed with HMI-9. The column was washed with HMI-9. The effluent (that is, VSG 221-negative cells) was centrifuged, resuspended in 150 ml Alexa488-conjugated anti-VSG 221 antibody (1:400), and incubated for 15 min as above. Cells were washed and resuspended in 300 ml HMI-9. Propidium iodide (BD Pharmingen) and CountBright Beads (Invitrogen) were added before analysis by flow cytometry. Cells bound to the column (that is, VSG 221-positive) were removed with a plunger and counted. Switching frequency was calculated by dividing VSG 221-negative and propidium-iodide-negative cells by the bead count, multiplying by the number of beads added to the sample (coefficient provided by Invitrogen), and then dividing by the total number of cells plunged from the MACS column.
METHODS
T. brucei strains, growth and transfection. The 'single marker' bloodstreamform trypanosomes derived from the Lister 427 MITat1.2 (VSG 221) strain were cultured in HMI-9 and transfected as described previously 27 . Plasmid constructs and PCR products. pLew100::NLS-I-SceI-HA was generated by amplifying I-SceI from pCMV::I-SceI with the following primer pairs: 59-CCCAAGCTTATGCCAAAGAAGAAGCGAAAGGTACATATGAAAAACAT CAAAAAAAACCAGG-39 (HindIII sequence underlined; nuclear-localization sequence (NLS) in italic font) and 59-CGCGGATCCGCAAGCGTAATCTG GAACATCGTATGGGTATTTCAGGAAAGTTTCGGAGGAGATAG-39 (BamHI sequence underlined; haemagglutinin (HA) sequence in italic font) and cloning the amplicons into pLew100 using the HindIII and BamHI sites.
The I-SceI recognition sequence, along with a puromycin resistance marker, was introduced into the VSG 221 expression site by amplifying puromycin and the immediate upstream and downstream flanking regions (aldolase 59 and 39 UTRs, respectively) from the pLF12 vector using the appropriate primer pairs (targeting sequences in bold, I-SceI recognition sequence in italic font). '70II': 59-AATAGGAGAGTGTTGTGAGTGTGTGCTTACCAATATTATAATAATG ATAGTAACGACCAATAGGGATAACAGGGTAATGTGCTCAAGCTGTGTA GCGC-39 and 59-TTACTCTCATTGCACACATACCATTGTCTTAACTGCA TTTATTTATGGTTTGTATTCGTCGGGCTCGAATCCCCCCATTT-39; 'PS': 59-GGCGACACACAACAGAAACAAAAGGATTGGGCTACCAAATTACAA GAAATTCATAAAGCCGATAGGGATAACAGGGTAATGTGCTCAAGCTGT GTAGCGC-39 and 59-CACTCTCCCCATTCCATTTGCATTTACCTGTATTT TCGCATGTAGTTATGT TGCTTTTCCGTTGTTCGGGCTCGAATCCCCCC ATTT-39; '270': 59-GTGTATATACATTTTTTCTTGCCCATTGATGTTTTT GCTTACATGCCCTTTTTGTGAGTATATAGGGATAACAGGGTAATGTGCT CAAGCTGTGTAGCGC-39 and 59-TTACTCTCATTGCACACATACCATTGT CTTAACTGCATTTATTTATGGTTTGTATTCGTCGGGCTCGAATCCCCCC ATTT-39.
Correct integration was verified by Southern blot analysis ( Supplementary  Fig. 3 ). Analysis of DNA and RNA. DNAzol (Invitrogen) was used to extract genomic DNA from ,1.5 3 10 8 cells (for Southern blots) or ,1.5 3 10 6 cells (for PCR) using the manufacturer's protocol. For the Southern in Fig. 1b, 3 mg of DNA was digested with either XhoI or XhoI and I-SceI (NEB), as indicated, and probed with puromycin. The bands were quantified with a Typhoon 8600 Imager.
For the PCR in Fig. 3 and Supplementary Fig. 2 , the VSG 221 sub-telomeric region and tubulin were amplified with the following primers: 59-CCAAAACC AGCCGAGATTTTGTGTTCTG-39 and 59-GTAGCGGGCATGCCGTCGAAA AATTAAG-39, and 59-TCAAGTGCGGTATCAACTAC-39 and 59-AGTGCTGC AAGGTCTTCAC-39, respectively.
For the sequences in Supplementary Fig. 1 , the repaired region was amplified with the following primers: 59-GGAGAGTGTTGTGAGTGTG-39 and 59-CT TCGGCTCATCTGGATTGACGTCA-39. The product was cloned into pSC-A (Invitrogen) and sequenced with T7 and T3 primers.
RNA was extracted from ,5 3 10 7 cells using RNA STAT-60 (Tel-Test) according to the manufacturer's protocol. Reverse transcription reactions were performed with 2 mg RNA and SuperScriptIII (Invitrogen) according to the manufacturer's protocol. To identify the VSG gene expressed in the switched clones, 2 ml of complementary DNA was used as template for PCR with the following primers: 59-GACTAGTTTCTGTACTAT-39 (binds to splice leader) and 59-CCGGGTACCGTGTTAAAATATATC-39 (binds to a VSG C-terminal conserved region). The amplicons were cloned into pGEM-T Easy (Promega) and sequenced with Sp6 and T7 primers. RAGE. DNA plugs were prepared as described previously 28 . Whole chromosomes were separated using previously published conditions. Southern blotting was performed according to standard protocols. The membranes were probed with full-length PCR products representing the indicated VSG.
